The seasonal modulation of tropical intraseasonal oscillation (TISO) on tropical cyclone (TC) geneses over the western North Pacific Ocean (WNP) is investigated in three periods of the WNP TC season: May-June (MJ), July-September (JAS), and October-December (OND). The modulation of the TISO-TC geneses over the WNP is strong in MJ, while it appears weaker in JAS and OND. In MJ, TISO propagates northward via two routes, the west route through the South China Sea and the east route through the WNP monsoon trough region, which are two clustering locations of TC geneses. TISO can synchronously influence most TC geneses over these two regions. In JAS, however, the modulation is out of phase between the monsoon trough region and the East Asian summer monsoon region, as well as the WNP subtropical high region, as a result of further northward propagation of TISO and scattered TC geneses. The TISO-TC genesis modulation in each individual region is comparable to that in MJ, although the modulation over the entire WNP in JAS appears weaker. In OND, TISO has a stronger influence on TC geneses west than east of 1508E because TISO decays and its convection center located at the equator is out of the TC genesis region when propagating eastward into east of 1508E. Midlevel relative humidity is the primary contribution to the modulations of TISO on the genesis environment, while vorticity could contribute to the modulation over the subtropics in JAS.
Introduction
The western North Pacific Ocean (WNP) is the most active basin of tropical cyclone (TC) geneses because of the favorable environment, warm sea surface temperature (SST), and great relative humidity, for TC geneses in this region, (e.g., Gray 1968; McBride 1995) . Over the WNP, TC geneses can be modulated by the variations of the large-scale circulation, such as low-level confluence (Holland 1995) , monsoon trough (Harr and Elsberry 1995; Chen et al. 1998; Camargo et al. 2007b,c; Chen and Huang 2008) , monsoon gyre (Chen et al. 2004) , and tropical depression-type disturbance (Chen and Huang 2009) .
At an intraseasonal time scale, Gray (1979) first found that TC geneses tend to alternately occur in clusters with 1-2 weeks, following a similar period of quiescence. Since then, the intraseasonal variation of TC formations is considered to be connected with large-scale tropical intraseasonal oscillations (TISO) over the WNP (Nakazawa 1986; Sui and Lau 1992) . Around 70% of the WNP TCs form during the active period of the WNP TISO (Table 1) . The impact of TISO on TC geneses over ocean basins has been successively revealed (e.g., Maloney and Hartmann 2000, 2001; Hall et al. 2001; Bessafi and Wheeler 2006; Camargo et al. 2009; Chand and Walsh 2010; Mao and Wu 2010) .
The large-scale conditions during the westerly phase of TISO are much more favorable for TC geneses than during the easterly phase (Liebmann et al. 1994; Maloney and Dickinson 2003; Kim et al. 2008; Ko and Hsu 2009 ).
The locations of TC geneses are clustered near the cyclonic circulation during the TISO westerly phase, together with an enhanced monsoon trough and a moisture confluent zone, while TC geneses are infrequent and poorly organized in the TISO easterly phases because of unfavorable conditions (Ko and Hsu 2009) . Besides the circulation, midlevel relative humidity anomalies associated with TISO make the largest contributions to the TISO-TC genesis modulation (Camargo et al. 2009 ). Although the impact mechanisms of TISO on TC genesis are independent on the season, Kim et al. (2008) argued that the TISO-WNP TC genesis modulation has a significant seasonal variation and that the modulation in June and July is much stronger than that in August and September. This seasonal variation of the modulation has not been explained yet.
Actually, the seasonal variation of TISO has not been adequately considered when investigating the TISO-TC genesis modulation in previous studies. During the WNP TC genesis season, May-December, the propagation of TISO shows a significant seasonal variation. In boreal winter, TISO mainly propagates eastward and is commonly called the Madden-Julian oscillation (MJO; Madden and Julian 1971; Zhang 2005) ; In boreal summer, TISO propagates northward and northwestward in the South China Sea (SCS) and the Philippine Sea (Lau and Chan 1986; Wang and Rui 1990; Hsu and Weng 2001; Kemball-Cook and Wang 2001; Tsou et al. 2005; Chou and Hsueh 2010) . The propagation of TISO in early summer is also different from that in late summer (Kemball-Cook and Wang 2001) . Whether this seasonal variation of TISO during the TC season can be connected with the stronger modulation in early summer suggested by Kim et al. (2008) is unknown.
The purpose of this paper is to reinvestigate the TISO-TC genesis modulation based on a more accurate description of the WNP TISO and to explain the reason of the weaker TISO-TC genesis modulation during the boreal fall. The propagation of TISO in different periods during May-December is separately analyzed for a further investigation of the seasonal variation of the TISO-TC genesis modulation. The data and methodology are described in section 2. The seasonal variation of the TC genesis location and frequency over the WNP as well as the seasonal variation of the propagation of TISO are investigated in section 3. Section 4 presents the statistical results on the TISO-TC genesis modulation in different periods of the WNP TC season. Finally, conclusions are drawn in section 5.
Data and methods

a. Data
Convection associated with TISO is based on the interpolated outgoing longwave radiation (OLR) from the National Oceanic and Atmospheric Administration (NOAA), which are daily data on a 2.58 3 2.58 grid from January 1979 to December 2008 (Liebmann and Smith 1996) . Other daily environmental data, such as winds, relative humidity, air temperature, and sea level pressure, are from the National Centers for Environmental Prediction (NCEP) reanalysis 2 from January 1979 to December 2008 (Kanamitsu et al. 2002) . The 30-90-day Lanczos filtering is performed on the daily data (hereafter as ''filtered'' data versus the raw ''unfiltered'' data), which are used to composite the environmental fields during the active TISO period. The International Best Track Archive for Climate Stewardship (IBTrACS, which is available online at http://www. ncdc.noaa.gov/oa/ibtracs/) TC dataset over the WNP is used to study the number and location of TC genesis from 1979 to 2008 (Knapp et al. 2010) . The genesis time and location are defined as the time and location for the first In previous studies, the real-time multivariate MJO (RMM) index obtained from the Center for Australian Weather and Climate Research was used to determine the phase and amplitude of the MJO (Wheeler and Hendon 2004) . The RMM index is based on the averages of 158S-158N and does not depend on the season. It describes the predominant intraseasonal oscillations propagating eastward from the Indian Ocean. Although some northward-propagating information can be observed in around 208N based on the RMM index (Wheeler and Hendon 2004) , the RMM index cannot accurately describe the northward propagation of TISO over the WNP when TISO propagates northward north of 308N in the boreal summer. Therefore, for distinguishing different propagations during various seasons, the EOF analysis is performed on the filtered OLR over different domains for three periods: May-June (MJ), JulySeptember (JAS), and October-December (OND). The classification of these periods is based on the seasonal characteristics of general circulation, the frequency and location of TC geneses, and the propagation of TISO over the WNP (with details in section 3). A zonal range from 1008E to the date line is chosen to exclude the signals of TISO in the Indian Ocean and other regions (Wang and Rui 1990; Kemball-Cook and Wang 2001) . A meridional range of 108S-308N is chosen to emphasize the Northern Hemisphere convection in MJ and JAS because of the northward propagation of TISO, while a symmetric meridional range from 208S to 208N is chosen in OND.
Before the EOF analysis, a long-term mean of OLR is removed, and the 30-90-day Lanczos filtering is performed, as in previous works (e.g., Matthews 2000; Kim et al. 2008) . The principal components (PCs) of EOF are normalized by one standard deviation of each component, and the standard deviations are multiplied to the corresponding spatial modes. The first two EOF modes display a quadrature phase relationship explaining a similar variance and representing a propagating wave phenomenon, which combines these two modes (Zhang and Hendon 1997 [PC2(t)/ PC1(t)], respectively. The day when its amplitude is greater than 1 is defined as an active TISO day. The entire cycle of TISO is divided into eight phases using the method described in Fig. 7 of Wheeler and Hendon (2004) . Phases 1 and 8 are close to the first leading EOF pattern (Figs. 2a, 2c , and 2e), while phases 2 and 3 are close to the EOF2 pattern (Figs. 2b, 2d , and 2f). Considering the relationship with TC geneses, phase 1 is more similar to phase 2 than to phase 8 (not shown). Thus, the entire cycle of TISO is divided into four categories, phases 1-2, 3-4, 5-6, and 7-8.
2) QUANTIFICATION OF TC GENESES AND STATISTICAL SIGNIFICANT TESTS
The number of TC geneses per 100 days during a period or category, the TC genesis rate (TGR), is used to measure the frequency of TC geneses. Because the TC genesis number is normalized by time, it can be used to compare the TC genesis frequency among various TISO categories, which have different days. Larger (smaller) TGR in a category displays enhanced (suppressed) TC geneses during this category. Moreover, an index to represent the enhancement-suppression ratio (ESR) of the TISO-TC genesis modulation is defined as ESR 5 (TGR max 2 TGR min )/TGR avg , where TGR max and TGR min are the maximum and minimum TGR of four categories in one period, respectively, and TGR avg is the average of TGR in this period. ESR is also normalized and can be used to compare the TISO-TC genesis modulation among different periods.
The Student's t test is applied to calculate the statistical significance of the composites of environmental fields for different TISO categories. A statistical test for the significant anomalies of the TC genesis frequency in each TISO category is performed with a null hypothesis that the distribution of TC geneses is uniform, following Hall et al. (2001) and Kim et al. (2008) . The relevant test statistic is given by Z 5 (P 2 P e )/ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi P e (100 2 P e )/N p , where P e and P are the expected and observed TC genesis number per 100 days in each TISO category, respectively. Here, N is the number of days for a particular TISO category. The test statistic Z follows a standard normal distribution and is tested using a two-tailed test with the critical values of Z 5 61.65, 61.96, 62.58, and 63.29 at the 90%, 95%, 99%, and 99.9% confidence levels, respectively.
3) GENESIS POTENTIAL INDEX
To assess the total variations of environment associated with TISO, the genesis potential index (GPI) is used, which combines the most important variables related to the TC geneses, such as midlevel relative humidity, vertical wind shear, and vorticity (Gray 1979) . GPI is developed by Emanuel and Nolan (2004) and some details are given in Camargo et al. (2007a) . It successfully replicates the climatological annual cycle and spatial distribution of TC geneses in each ocean domains. GPI is defined
where Vort is absolute vorticity at 850 hPa in inverse seconds, RH is relative humidity at 600 hPa in percent, PI is potential intensity in meters per second, and V shear is vertical wind shear between 200 and 850 hPa in meters per second. PI represents potential TC intensity at each grid (Bister and Emanuel 2002) , and it is calculated based on sea surface temperature and pressure, as well as the vertical profiles of temperature and specific humidity. The weekly NOAA optimum interpolation SST V2 data from 1982 to 2008 (Reynolds et al. 2002) and monthly NOAA extended reconstructed SST V3b data from 1979 to 1981 (Smith et al. 2008 ) are temporally interpolated into daily SST data. A 7-day-running averaging is performed on the interpolated daily SST, together with the daily reanalysis as in Camargo et al. (2009) . Since the running averaging but not a bandpass filtering is performed on these variables whose long-term mean is not removed, GPI includes both the intraseasonal variability and the climatological background of environmental variables. On the other hand, there is no effective method to obtain the location and frequency of anomalous TC geneses, so the collected TC geneses for various phases of TISO must include the climatological and abnormal geneses. Therefore, the GPI including the climatological background is more advantaged than the OLR anomalies to indicate the anomalous TC geneses during the evolution of TISO.
A revised GPI with three climatological variables and one varied variable (3c1v_GPI) is used to obtain the contribution of each of four variables-absolute vorticity, vertical wind shear, potential intensity, and midlevel relative humidity-in the TISO-TC genesis modulation as in Camargo et al. (2007a Camargo et al. ( , 2009 ). The 3c1v_GPI contributed by a variable is calculated by using the observed value of this variable and the long-term climatology of the other three variables. This method is useful to quantitatively estimate the relative importance of different factors in GPI (Camargo et al. 2009 ).
Seasonal variations of TC geneses, background
environment, and propagations of TISO over the WNP a. TC geneses and background environment TC geneses have distinct seasonal variations accompanied by changes in background environment (e.g., Gray 1979) . Early summer (MJ; Fig. 1a ) is the transition season from inactive TC geneses to active TC geneses. In MJ, GPI is weak and TC geneses are relatively rare. The distribution of TC geneses cannot extend north of 108N over the WNP. Both GPI and the TC genesis location are clustering in two regions, the SCS and the southeastern Philippine Sea. The former is the SCS monsoon trough (SCS MT) region, in which the monsoon westerlies from the Indian Ocean converge with the trade southeasterlies. The latter is the convergence region of the cross-equatorial southerlies from northern Australia and the trade southeasterlies, in which the WNP monsoon trough (WNP MT) is not apparent during this period (Chou et al. 2009 ). The two clustering TC genesis regions can be divided by 1208E (the dashed dark line in Fig. 1a) ; a total of 38 TCs form in the SCS, while 84 are in the southeastern Philippine Sea.
In late summer and early fall, JAS, which is the major period of the WNP TC geneses, the SCS MT is mature and the WNP MT forms in the eastern Philippine Sea. The WNP MT is northwest-southeast oriented from Taiwan into the far southeastern Philippine Sea around 1558E and 58N (Chou et al. 2009 ). Major TC geneses also approximately distribute northwest-southeast along the monsoon trough (e.g., Gray 1968; Ding et al. 1977; Zehr 1992). However, considerable TCs form in the WNP subtropical high (WNPSH) region, though the corresponding high pressure and anticyclonic circulation are unfavorable for TC geneses compared to the monsoon trough. There are some TCs forming in the East Asian summer monsoon (EASM) region due to abundant water vapor in the subtropics around 308N transported by the mature EASM. Overall, the JAS GPI is much higher and more widely expands from 58N to 358N, compared with the clustering GPI in MJ. The wide TC genesis region can be divided into the MT, EASM, and WNPSH regions, as shown by the dashed dark lines in Fig. 1b .
During late fall and early winter (OND), the monsoon trough retreats and becomes some gyres around 108N. GPI is uniformly situated from the Maritime Continent to the date line around 58-158N. TCs are also uniformly distributed, similar to GPI.
b. Propagation of TISO
Similar to the distribution of TC geneses and background environment, the propagation of TISO also has a significant seasonal variation during the WNP TC season from summer to early winter. The dominant signals of TISO mainly propagate eastward during boreal winter (Madden and Julian 1971) . In boreal summer, however, the WNP TISO propagates not only eastward but also northward into the subtropics (Chen and Murakami 1988; Wang and Rui 1990; Kemball-Cook and Wang 2001) . Based on the seasonal variations of TC geneses and background environment over the WNP, together with the seasonal variations of the propagation of TISO, the WNP TC season from May to December can be divided into three periods, MJ, JAS, and OND. The regional EOF analysis is individually performed on the filtered OLR for each period. Two leading spatial modes and their variance contributions are shown in Fig. 2 .
In MJ, the two leading EOF modes (Figs. 2a and 2b ) explain 16.24% and 13.25% of the variances of the filtered OLR, respectively. EOF1 exhibits positive convection anomalies over the Maritime Continent and negative anomalies over the SCS, the Philippine Sea, and northeast of Papua New Guinea; EOF2 exhibits positive convection anomalies south of the SCS and north of Papua New Guinea and negative anomalies north of (Figs. 2c and 2d) . The convection anomalies in EOF1 and EOF2 are similar to the two leading EOF modes in MJ but more horizontally oriented. It shows that intraseasonal convection anomalies in JAS mainly propagate northward. In OND, EOF1 is associated with negative convection anomalies over the WNP, while EOF2 displays positive anomalies over the Maritime Continent and negative anomalies west of the date line (Figs. 2e and 2f) . EOF1 (EOF2) explains 20.35% (14.76%) of the filtered OLR variances in OND.
The lead-lag correlation between PC1 and PC2 for each period is shown in Fig. 3 . The maximum correlations of PC1 and PC2 occur when PC1 lead PC2 by around 10 days, while the strongest negative correlations occur when PC1 lag PC2 around 10 days. The correlation coefficients are up to around 0.5-0.6, which are close to the result in Wheeler and Hendon (2004) . Thus, the oscillation described by EOF1 and EOF2 in all seasons should be a typical TISO with a period of around 40 days.
Modulation of TISO on TC geneses a. The early summer: MJ
The statistics of TC geneses in three periods are shown in Table 1 . Around 71% of TCs in MJ form during active TISO. The composites of the filtered OLR and 850-hPa winds during four categories are shown in Fig. 4 . The composited GPI is also shown in Fig. 5 to assess the entire modulation on background environment for TC geneses by TISO. In phases 1&2, positive convection anomalies occur in the Maritime Continent (Fig. 4a) . From phases 1&2 to phases 3&4, positive convection anomalies in the Maritime Continent propagate along two directions, eastward into far southeast of the Philippine Sea and northward into the SCS (Fig. 4b) . Thus, 
FIG. 4. Composites of filtered OLR anomalies (shadings; W m
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) and 850-hPa wind anomalies (vectors) for four TISO categories in MJ at the 95% significance level, based on the Student's t test. two positive convection anomaly centers form south of the SCS and the southeastern Philippine Sea, which are two major TC genesis regions in MJ (Fig. 1) . Cyclonic circulation anomalies, which coincide with positive convection anomalies, are also located on the SCS and the Philippine Sea, and GPI is enhanced in these phases (Fig.  5b) . So, significantly more (at 99.9% confidence level) TC geneses with TGR up to 14.18 are induced. Although some TCs locate outside the significantly positive convection anomaly region, locations of TC geneses are entirely consistent with the distribution of high GPI while the TC geneses are infrequent over the region with low GPI (Fig. 5) . This is attributed to the fact that GPI combines more factors related to TC geneses, not just the OLR, and includes the climatological background and the intraseasonal variations associated with TISO.
From phases 3&4 to 5&6, two isolated positive convection anomaly centers over the southern SCS and the southeastern Philippine Sea propagate northeastward and northwestward, respectively, and converge around the Philippine Sea in phases 5&6 (Fig. 4c) . Cyclonic circulation anomalies locate around areas with positive convection anomalies. Under the similar favorable environment as in phases 3&4, significantly more (at 99.9% confidence level) TCs form around the Philippine Sea with a high TGR of 11.83. Compared to two clustering TCs centers in phases 3&4, locations of TCs are clustered over the Philippine Sea due to the convergent convection anomalies.
While positive convection anomalies are dominant over the Philippine Sea, negative convection anomalies appear over the Maritime Continent in phases 5&6 (Fig.  4c) . Similar to the positive convection phases of TISO, negative convection anomalies also propagate southeast of the Philippine Sea and the SCS in phase 7&8; two isolated negative convection anomalies converge around the Philippine Sea in the next phases, 1&2. TC geneses in phases 7&8 with TGR of 3.17 and in phases 1&2 with TGR of 1.85 are greatly suppressed at 95% and 99% confidence level, respectively.
The ESR of the modulations in MJ is up to 1.85, which means that the difference of the TC genesis probability between positive convection phases 3&4 and negative phases 7&8 is around 1.85 times to the averaged TC genesis probability. ESR at 1.85 shows a dramatic modulation of TISO on TC geneses in MJ. It could be attributed to the climatological distributions of TC geneses and propagation of TISO in MJ. During this season, TC geneses cluster over the SCS and southeast of the Philippine Sea (Fig. 1a) . The two clustering TC geneses coincide well with the two propagating routes of TISO (Fig. 2) . The sensitive background environment for TC geneses over these two regions can be dramatically changed by TISO. Much high GPI in positive convection anomaly phases indicates a favorable environment for TC geneses (3&4 and 5&6; Figs. 5a and 5d), while low GPI in negative phases shows a suppressed environment for TC geneses (1&2 and 7&8; Figs. 5b and 5c ). In consequence, the dramatically changed background environment induces a great TISO-TC genesis modulation with ESR up to 1.85.
Additionally, the TISO-TC genesis modulation in the SCS and southeast of the Philippine Sea is not completely synchronous when two regions are separately considered as the SCS MT and WNP WP regions. The strongest impacts on TC geneses in the WNP MT occur during phases 3&4 and lead the impacts in the SCS MT, which peak in phases 5&6 (Table 1) . It could be attributed to the fact that the latitude of the WNP MT region is much lower than that of the SCS MT region, and thus TISO may arrive earlier in the WNP MT region than in the SCS MT region. ESR in the SCS MT is up to 2.31, which indicates an intense TISO-TC genesis modulation in this region, while the modulation in the WNP MT is relatively weak with ESR of 1.81.
In Camargo et al. (2009) , midlevel relative humidity is believed to be the most important factor impacting TC geneses during MJO. The 3c1v_GPIs for four variables are also calculated to investigate the importance of various factors in the TISO-TC genesis modulation. Changes in each 3c1v_GPI are represented by differences in each 3c1v_GPI between the enhancement categories (phases 3&4 and 5&6) and the suppression categories (phases 1&2 and 7&8). Figure 6 shows the difference between the enhancement and suppression categories for various 3c1v_GPIs. Midlevel relative humidity is a primary contributor to the modulation (Fig. 6d) . The contribution of 3c1v_GPI from vorticity is secondly, and it is larger in the SCS than in the WNP MT. When convection anomalies propagate northward into the SCS, the vorticity anomalies associated with TISO would be larger than the response to convection anomalies related to MJO near the equator. Vertical wind shear tends to be out of phase with GPI, indicating that it negatively contributes to the modulation of TISO. The differences of GPI that are associated with potential intensity are very weak.
b. The late summer and early fall: JAS Around 67% of TCs form during active TISO in JAS (Table 1 ). The propagation of TISO during four categories in JAS is presented by composites of the filtered OLR and wind anomalies (Fig. 7) . The variation of GPI is shown in Fig. 8 . Convection anomalies jump from the Indian Ocean into the low-latitude western Pacific, and then almost synchronously propagate northward through the SCS and the WNP routes as shown in Wang and Rui (1990) . The favorable conditions for TC geneses also move northward, accompanied by the propagation of TISO.
In phases 1&2, positive convection anomalies appear in the tropical western Pacific (Fig. 7a) . They develop and move northward to around 108N (Fig. 7b ) from phases 1&2 to 3&4 (Fig. 7b) . The cyclonic circulation anomalies appear in the MT regions, accompanied by positive convection anomalies. Under these favorable conditions, GPI is high in the MT region and TC formations are enhanced over this region (Fig. 8b) . When TISO propagates northward via the two routes and gathers at the Philippine Sea in phases 5&6, strong positive convection anomalies, as well as strong GPI, appear and enhance TC formations in this region (Figs. 7c and 8c) .
While positive convection anomalies dominate the Philippine Sea, negative convection anomalies appear over the Maritime Continent in phases 5&6. Negative convection anomalies propagate northward into the MT region in phases 7&8 and farther into the Philippine Sea in the next phases, 1&2. Since the low GPI, which combines the anomalies of various variables such as anticyclonic circulation anomalies and negative convection anomalies (Figs. 7a and 7d) , dominates the MT region (Figs. 8a and 8d) , TC formations over the MT region are suppressed in phases 1&2 and 7&8 (Figs. 7a   FIG. 6 . Differences of composited GPI in MJ between positive (phases 3&4 and 5&6) and negative (phases 1&2 and 7&8) convection anomaly categories of TISO. GPI is computed with seasonally varied (a) absolute vorticity, (b) vertical wind shear, (c) potential intensity, and (d) relative humidity, respectively, along with the climatology of three other variables. and 7d). Similar to the situation in MJ, TC genesis locations do not match well with positive convection anomalies, but with high GPI.
Generally, there are significantly more (fewer) TC geneses during phases 3&4 and 5&6 (1&2 and 7&8) of TISO in the WNP (Table 1) . Although the enhancement or suppression of TC geneses is significant during all categories, the ESR in JAS is only 0.62. This lower ESR relative to the ESR of 1.85 in MJ, implies that the TISO-TC genesis modulation in JAS is much weaker than that in MJ when the WNP is considered as a whole.
Positive convection anomalies in phases 5&6 can continuously move northward into Taiwan, and westerly anomalies also move northward to 208N in phases 7&8 and 1&2 (Figs. 7d and 7a ), although they decay, relative to those in phases 5&6. The favorable conditions associated with TISO also propagate northward into high latitudes; thus there are two relatively high GPI centers around 258N, the EASM, and WNPSH regions (Figs. 8d  and 8a ). On the other hand, negative convection anomalies in phases 3&4 and 5&6 (Figs. 7b, 7c, 8b , and 8c) of TISO can also propagate northward into the EASM and WNPSH regions, while positive convection anomalies dominate the MT region. There are synchronously opposite convection anomalies associated with TISO between low and middle latitudes due to the further northward propagation and short meridional wavelength of TISO.
The statistics of the modulations in the MT, EASM, and WNPSH regions are shown in Table 1 . As expected, TC geneses in the MT region are significantly more during phases 3&4 and 5&6 but fewer during phases 1&2 and 7&8. In contrast to the MT region, there are opposite modulations in the EASM and WNPSH regions, in which TC geneses are significantly enhanced during phases 1&2 and 7&8 but suppressed during phases 3&4 and 5&6. The ESR of 1.2 in the MT region is much higher than the ESR of 0.62 over the whole WNP since the opposite modulations in the subtropics are removed. The ESR in the EASM and WNPSH regions is up to 1.79 and 0.95, respectively. The ESR over each individual region in JAS is comparable with the ESR in MJ, which means that the TISO-TC genesis modulation in JAS is as strong as that in MJ. The apparent weaker modulation in JAS over the whole WNP is due to the wider impacts of TISO in JAS and the out-of-phase modulation between the MT and subtropical regions.
Similar to MJ, midlevel relative humidity anomalies still have the most important contributions (Fig. 9d) . The 3c1v_GPI contributed to by relative humidity in the MT region is out of phase to that in the EASM and WNPSH regions, due to the northward propagation of TISO (Fig. 9d) . The vorticity also has contribution to the modulation over the subtropical EASM region. The 3c1v_GPI contributed to by vorticity is reversed in the EASM and MT regions (Fig. 9a) . It means that the tightly coupling pattern of the circulation and convection anomalies contributes more at midlatitudes than near the equator. In the WNPSH region, vertical wind shear also has a weak positive contribution during phases 1&2 and 7&8 (Fig. 9 b) . Easterly shear anomalies in the WNPSH region during phases 1&2 and 7&8 can weaken the climatological westerly shear (Figs. 7b and 7c ).
c. The late fall and early winter: OND
In OND, around 51% of TCs form during active TISO (Table 1) . TISO mainly propagates eastward at low latitudes and could be treated as MJO during boreal winter (Fig. 10) . The eastward-propagating TISO also has a weak southward-propagating component. West of 1508E, convection anomalies mainly locate around 108N, while maximum convection anomalies locate at the equator when they propagate eastward to east of 1508E. Along the eastward migration path of convection anomalies, the westerly (easterly) anomalies appear, accompanied by negative (positive) OLR anomalies. The cyclonic circulation anomalies are not apparent in contrast to the coupling pattern of the circulation and convection anomalies at midlatitudes in MJ and JAS. Thus, it is reasonable to divide TISO into westerly and easterly phases in OND (Liebmann et al. 1994; Kim et al. 2008 ). In the westerly phase (3&4 and 5&6), large GPI, which indicates favorable conditions for TC geneses over the low-latitude WNP (Figs. 11b and 11c) , and more TC geneses appear. In contrast, negative convection anomalies induce fewer TC geneses in the easterly phases (1&2 and 7&8) of TISO (Figs. 11a and 11d) . ESR in OND is 0.67. As in MJ and JAS, TC geneses coincide more with FIG. 9 . As in Fig. 6 , but for JAS.
GPI, related to the evolution of TISO, than with convection anomalies (Figs. 10 and 11) .
Since a half wavelength of TISO in OND (around 60 longitudinal degrees) is shorter than the width of the zonal uniform distribution of TC geneses, the modulation of TISO must be different over the WNP in one category. Figure 12 shows meridional mean (58N to158N) OLR anomalies during one TISO cycle and zonal locations of TC geneses. TC geneses almost synchronously migrate eastward, accompanied by convection anomalies. The ratio of the TC genesis number with positive to negative convection anomalies is up to 2.54. This ratio is greater than the ratio of TC geneses during the westerly to easterly phase of TISO, which is 2.14.
Moreover, TISO has stronger modulations on TC geneses west than east of the WNP. The ratio of TC geneses between positive and negative convection anomalies west of 1508E (45/12 5 3.75) is much larger than that east of 1508E (39/21 5 1.86). The different modulation could be attributed to the propagation of TISO. The TISO signal is stronger west of the WNP but decays east of the WNP. And maximum convection anomalies associated with TISO move southward, out of the TC genesis center east of 1508E (Figs. 2c and 10 ). For the four variables contributing to background environment, relative humidity anomalies have a predominant contribution (Fig. 13d) and vorticity anomalies are secondary (Fig. 13a) . Vertical wind shear has a weak reversed contribution (Fig. 13b) , while potential intensity is insignificant (Fig. 13c) . This result is consistent with the findings of Camargo et al. (2009) on the modulations of MJO.
Conclusions
In this study, the modulation of TISO on the WNP TC geneses during a long TC season from May to December was reinvestigated based on a more accurate description of the WNP TISO. A regional and seasonal EOFs analysis was used to examine the propagation of TISO in three periods, early summer (MJ), late summer and early fall (JAS), and late fall and early winter (OND). The IBTrACS TC track data was used to study the locations and frequency of TC geneses. The variation of the TC genesis potential index (GPI), which combines the most important factors for TC geneses, was also examined during the evolution of TISO. This GPI includes both the intraseasonal variations and the climatological genesis environment. It is suitable for discussing the relationship between the variation of the environment and TC geneses, because the anomalous and climatological TC geneses are hardly separated.
In early summer MJ, TISO propagates northward via two routes. The west route is from Sumatra into the SCS, and the east route is from northeast of Papua New Guinea into the midlatitude WNP. The circulation and convection anomalies associated with TISO also propagate via these two routes. This propagation is consistent with previous studies (Wang and Rui 1990; Kemball-Cook and Wang 2001) . TC geneses also compactly locate in the SCS and southeast of the Philippine Sea in MJ. Therefore, TISO, together with the seasonal variation of large-scale environment can greatly modulate TC geneses. associated with TISO, although the TC locations do not match well with positive convection anomalies, especially when maximum convection anomalies are out of the climatological TC genesis region. Midlevel relative humidity anomalies associated with TISO have a primary contribution to the modulation as discussed in previous study (Camargo et al. 2009 ). For vorticity anomalies, although they contribute little to the modulation near the equator as in Camargo et al. (2009) , they have a much stronger contribution in the subtropics than in the low latitudes.
In JAS, there also is significant enhancement (suppression) of TC geneses during positive (negative) convection anomaly phases of TISO. The TISO-TC genesis modulation in JAS is stronger than the result during August and September discussed in Kim et al. (2008) . It could be attributed to the reasonable description of TISO in the present study based on the separation for three periods and the regional EOF analysis for each period. However, this modulation in the JAS over the whole WNP still appears weaker than that in MJ. The apparent weaker modulation over the whole WNP is due to the outof-phase modulation between low latitudes, the MT regions, and midlatitudes, the EASM and WNPSH regions. In JAS, TCs dispersedly locate over a wide range of the WNP, even over the midlatitude EASM and WNPSH regions; and TISO also can propagate northward into these higher-latitude regions. Because of the short meridional wavelength of TISO, there are out-of-phase convection anomalies associated with TISO in the lowlatitude MT region and the midlatitude EASM and WNPSH regions. This opposite-phase relationship between the MT and EASM regions is consistent with previous studies (e.g., Chen et al. 2000) . Therefore, when the WNP TCs are considered as a whole, the modulation of the TISO-TC geneses over the MT region seems to be weaker. Individually, the TISO-TC genesis modulation in the MT, EASM, or WNPSH regions is comparable to that in MJ, so the modulation of TISO on TC geneses in JAS can be as strong as that in MJ. The TC geneses locations coincide well with high GPI but not negative OLR anomalies during various phases of TISO, similar to in MJ. Midlevel relative humidity has predominant contributions, while vorticity has secondary contributions in the EASM region. Vertical wind shear has positive contributions to TC geneses in the WNPSH region, but negative contributions at low latitudes (Camargo et al. 2009 ).
In OND, TISO mainly propagates eastward at low latitudes and can be treated as MJO, which is divided into westerly and easterly phases. The westerly anomalies induce more TC geneses than the easterly anomalies. Moreover, since the TISO signal is stronger over west of the WNP and decays over east of the WNP and maximum convection anomalies move southward out of the TC genesis center east of 1508E, the TISO-TC genesis modulation is greater west than east of 1508E. Relative humidity anomalies also have a predominant contribution and vorticity anomalies have much weaker contributions.
Overall, TC geneses are closely related to the evolution of TISO in all three periods. However, due to the seasonal variations of the TC genesis distribution, background environment, and propagation of TISO, the modulations of TISO on TC geneses are varied in different periods.
